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ABSTRACT

The synthesis and characterization of the complexes 2.2-(PPh3)2-
2.2-H2-2,'I,7-Ru(2289|1” and 3.3-(PPh3)2-3.3-H2-3,1,Z-RuCZBQH” via the oxi-
dative addition of 7,9- and 7,8-C2H9H]2'. respectively, to (PPh3)3RuHCl
is described. These complexes are formulated as seven-coordinate formal
Ru(IV) compoynds. The 2,1,7-isomer was found to reversibly eliminate one
molecule of HZ with heating in vacuo to give a five-coordinate ds, formal
Ru(II) complex. Both the 2,1,7- and 3,1,2-isomers readily lose hydrogen
in their reactions with HC1 and CO to give the corresponding substituted
complexes. The pyridine substituted complex 3.3-(PPh3)2-3-H-7-c5HSN-3.l.2-
Ruczligll10 was also prepared and characterized.
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The versatile homogeneous catalysts based on the rhodium and ruthenium
metals include (PPh,) RAC1 and (PPh,) RUKCI and many of their derivatives.'*?
Recently, we reported the preparation and characterization of a novel class
of homogeneous catalysts based on carborane ligands and rhodium and iridium
metals.3’4 These complexes are formed by the oxidative addition reaction
of the isomeric C289H12' anions to coordinatively unsaturated d8 rhodium(I)
and iridium(I) species. In two recent communications, we have further es-

tablished that oxidative addition of nido- and arachno-carboranes to un-
5,6

saturated transition metal centers has proved to be a general reaction.
In this article we present details of the synthesis and characterization
of several novel ruthenium complexes based on dicarbollide 1igands and some

of their reactions.

RESULTS AND DISCUSSION

Synthesis
Both of the new ruthenium complexes were synthesized from the tris(tri-

phenylphosphine)ruthenium hydrido-chloride complex, (PPh3)3RuHCl . Oxidative

addition of NHMe3. salts of the carborane anions7 7,9- and 7.8-C289H]2e to

(PPh3)3RuHC1'¢CH38 in boiling ethanol gave 2.2-(PPh3)2-2,2-H2-2.1.7-RuC289H]](I)

and 3,3-(PPh -3.3-H2-3.l.2-RuC289H]](Il).respectively;in high yields.

3)2

Spectral Data
The ir spectra of I and II, shown'in Table I, contain bands characteris-

Table I

ic of neutral carborane complexes and also weak doublets (2060 and 2000 cn'](!).
2060 and 2040 cn'](ll))that were assigned to vp . absorptions.
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1

The 100 MHz 'H nmr of I (tetrahydrofuran, THF) showed a 1:2:1 triplet

centered at 16.9 t (Table II) as expected for hydride 1igands on a ruthenium

Table II

with two equivalent phosphorus nuclei (JP_H = 29 + Hz). This collapsed into

31

a singlet upon “'P decoupling. Similarly, II in THF exhibited a hydride

triplet at 16.3 t (Jp_, = 28 + Hz).
The 3"P nmr of I (36.4 MHz, ]H-decoupled) in THF consisted of a singlet
at -34.5 ppm from 85% H3P0 9

4
80.5 MHz ]]B nmr of I in CHZCI2 solution (]H-decoupled) as shown in

Table III is consistent with a closo-metallocarborane of the 2,1,7- structure3

and the ]]B spectrum of II is also reminiscent of analogous 3,1,2-rhoda- and

similar metal]ocarboranes.3

Table III

Elemental analyses (Tatle IV) also support the characterization of
these compounds as dihydrido-bis(triphenylphosphine)-Ru(IV) complexes. If
the dicarbollide moiety is regarded as a three electron-pair donor analogous
to cyclopentadienide anion, CSHS'. we can formally describe the ruthenium

centers to be d4 and assign them a coordination number of seven.

Table IV
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To confirm the closo-structure and to establish the stereochemistry
of these complexes, a single crystal X-ray diffraction study has been
carried out with 1.5 The quality of the data plus refinement problems have
so far precluded attempts at locating the hydride ligands.]o Their posi-
tions, however, can be inferred to be symmetrically between the triphenyl-

phosphine groups (Figure 1). The closo-structure of the complex was con-
firmed.

Figure 1

The Reversible Dehydrogenation of I
The light blue complex I turned grayish-white upon exposure to a hydro-

gen atmosphere. The resulting complex had spectral and analytical proper-
ties identical to I. It was subsequently demonstrated that the blue colora-
tion of I was due to traces of a new complex III. When crystals of I were
slowly heated to 160° in vacuum, an intense blue color developed with con-
current elimination of hydrogen gas; one mole of H2 being lost upon complete
reaction. The resulting dark blue complex III showed no metal-hydride

bands in the ir and the absence of high-field hydride resonances in the

]H nmr. Its "

B nmr spectrum in THF consisted of resonances typical of closo-
metallocarboranes and its 3]P nmr contained a singlet (-60.8 ppm, ]H-
decoupled). 111 readily added hydrogen at ambient temperature to regenerate
I. Complex III is therefore formulated as 2.2-(PPh3)2-2.1.7-Ruczagﬂ]]; a
ds-Ru(Il) complex. The equilibrium: (PPh3)2H2RuC289H]];::::::H2 + (PPhs)z-
RuC289H11 appeared to 1ie far to the left at room temperature. III was sen-
sitive to prolonged exposure to air both in solution and in the solid state.

Being an unsaturated 16-electron complex, it rapidly reacted with carbon

[,
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(5)
monoxide and hydrogen chloride to give coordinatively saturated products sim-

ilar to that of I (vide infra).
Although II lost hydrogen at 160° in vacuum after prolonged heating, no

i tractable product was isolated and the dehydrogenation was found to be irre-
versible. The relative instability of a 3,1,2-isomer of (PPh3)2RuC289H]] com-

pared to the 2,1,7-isomer may account for this behavior.

Reactions of I 'f

Although complex I in the crystalline form was found to be air stable for
at least a few hours, solutions of it were extremely air-sensitive. All of g
the reactions of I were dominated by loss of hydrogen and were essentially
those of complex III.

Dry HC1 gas readily displaced the hydride ligands of I at 80° in the solid
state and at room temperature in toluene or dichloromethane solution. A yellow
complex, IV, was obtained that analyzed for 2,2-(PPh3)2-2-H-2-Cl-2.1.7-Ru0289H]].

Its ir exhibited a weak vp, . band at 2160 em!

tered at 330 cm'].

and a broad v, ., band cen-
Although the complex was too insoluble to give any informative

spectral data in solution, it seems reasonable to expect no gross structural

changes in going from I to IV except for the larger steric requirements of a ‘
C1 1igand.

IV is more stable thap I to decomposition and can be worked up with little
loss in air.

Complex I readily reacted with carbon monoxide at 80° in the solid state

and slowly at room temperature in CHZCI2 solution. A yellow complex, V, was

obtained that analyzed for 2.2-(PPh3)2-2-co-2.1,7-Ruc289Hn. A single, sharp

Veo “as observed in its ir spectrum at 1957 cm']. V is a formally six-coordinate,

18-electron db ruthenium(II) complex and this is reflected in its inertness
and stabi1ity, even when in solution.
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Reactions of Complex II

Complex II was found to be slightly more stable than I in both the solid
state and in solution and methylene chloride solutions survived brief exposure
to air. Slightly more vigorous conditions were necessary to synthesize de-

rivatives analogous to those of complex I.

In toluene solution, II reacted with dry HC1 gas to give an orange-red

complex, VI, that analyzed for 3,3-(PPh3)2-3-H-3-Cl-3,1.2-Ru0289H]]. Its ir

also exhibited a weak vp _, at 2160 em”)

-1

and a weak and broad vp ., at 330

cm

I1 reacted with CO at 100-110° in the solid state and slowly at room
temperature in CH2C12 solution to give a yellow complex VII which analyzed
for 3,3-(PPh3)2-3-C0-3,1,2-RuCngH]]. A very strong, sharp Veo band was ob-

served in its ir at 1960 cm'].

Preparation of 3,3-(PPh3)2-2-H-7-(C5H5N)-3,l,2-RuC289H]0

Since a low-oxidation state for a transition metal complex is one of the
generally accepted prerequisites for catalytic activity.n a formal Ru(II)
complex based on the dicarbollide-pyridine adduct, 9-c5H5N-7,8-C289H]0e was
synthesized.'? Addition of freshly prepared Na'CGHN-C,BgH, ™ in THF so-
lution to a suspension of (PPh3)3RuHCl~¢CH3 in THF and stirring for 16 hrs at
room temperature yielded a red-brown crystalline complex, VIII. This compound
has a vp, _, band at 2100 em™! (weak, doublet), and a Vg_y 2t 2540 ™! which
is characteristic of an uncharged species. Its 113 nmr consisted of resonances
(Table III) that were grossly similar to that for 9-CSHSN-7.8-C289H]].]2 Its
]H nmr exhibited signals for pyridine protons at 1.55 t, phenyl protons at

2.74 t, and two equal hydride doublets at 19.6 T and 21.0 (JP-H = 31 + Hz),
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respectively. This suggested the presence of two slightly differing 3]P en-
vironments. The asymmetry introduced into the dicarbollide 1igand by the
pyridine adduct with associated steric and (or) electronic effects may be the
cause of this non-equivalence. Complex VIII was thus postulated to be 3,3-
(PPh3)2-3-H-7-c5HSN-3.1,2-RuC289H]0. Its proposed structure is shown in
Figure 2.

Figure 2

Conclusion

The synthesis and characterization of two novel ruthenium-carborane com-
plexes as well as some of their derivatives have been presented. These di-
hydrido-complexes have been shown to have formally seven-coordinate Ru(IV)
centers. That these sterically crowded compounds should readily undergo re-
actions to give lower coordination numbers was dramatically illustrated by the
isolation of a reductive elimination product for the 2,1,7-isomer and by the
facile reactions of both isomers with neutral donor ligands like carbon monox-
ide to give air-stable six-coordinate ds-derivatives.

Preliminary results have shown both dihydrido-complexes to be active
isomerization and hydrogenation catalysts for some olefins whereas the cor-
responding monohydrido-complex; 3.3-(PPh3)z-3-H-7-c5H5N-3,1.Z-RuCZBQH]O, was
devoid of catalytic activity.‘3 This may well stem from the inability of the
latter to generate vacant coordination sites while the dihydrido-complexes
can readily become unsaturated via reductive elimination of its hydride ligands.
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These and other interesting ruthenium-carborane complexes are currently under

further investigation.

Experimental Section

Materials

Reagent grade absolute ethanol and reagent grade methylene chloride were used
without further purification. Tetrahydrofuran (THF) was freed of peroxide
and water by distillation from sodium-benzophenone and stored under N2' Toluene
was dried over calcium hydride and distilled under NZ' Hydrogen chloride gas
from Liquid Carbonic Co. was dried by scrubbing with conc. H2504. Carbon
monoxide was also obtained from Liquid Carbonic Co. All reactions were carried
out in Schlenk glassware using purified nitrogen (BTS catalyst, followed by
KOH and silica gel). Solvents were all degassed before use by repeated appli-
cations of a vacuum followed with nitrogen saturations.

7 The ligand

adduct CZBQH]]-CSHSN was prepared as described by D. C. Young, et al.]z

The CZBQH]Z' salts were prepared following literature methods.

(PPh3)3RuHCl-¢Me was synthesized in accordance with an Inorganic Synthesis pro-

cedure.8

Physical Measurements

Infrared spectra were recorded using the Perkin-Elmer 421 double-grating
spectrophotometer and the Beckman IRS5A instrument. 60 MHz proton nmr were re-
corded with the Varian A60-D while the 100 MHz spectra were from the Varian

HA-100 nmr instrument. 80.5 MHz n8 nmr spectra were obtained on the instru- I*

ment constructed by Prof. F. A. L. Anet of this department.
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Preparation of 2,2-(PPh3)2-2.2-H2-2.1.7-RuC289H]]. I

In a 250 ml Schlenk flask, equipped with a magnetic stir bar and reflux con-
denser, were placed 1.00 g (5.16 mmol) of 7.9-Me3NHC289H12 and 5.00 g (4.52 mmol)
of (PPh3)3RuHCI-¢Me. While maintaining a N2 atmosphere, 125 ml of degassed ab-
solute ethanol was added. The purple suspension was gently refluxed for about
1 hr or until the purple crystals had all changed to grayish-blue. After cooling,
the product was separated by filtration using Schlenk techniques and washed with
degassed ethanol followed by diethyl ether. The light blue crystals were then
dried in high-vacuum. The yield of I was 3.30 gm (87% based on Ru). I may be

recrystallized from toluene-ethanol in an inert atmosphere.

3)7

II was prepared using the 7,8-Me3NHCngH]2 salt in similar fashion as for
the preparation of I. II was obtained as white crystals in 80% yield.

Thermolysis of I, Preparation of 2,2-(PPh3)2-2.I.7-RuC289H]], III

An amount of 550 mg, 0.72 mmol of the complex was placed in a pyrolysis tube
attached to a vacuum-line and Toepler pump. An oil-bath was heated to 140-160°
and placed around the sample. A non-condensable gas was evolved along with the
development of an intense blue coloration in the residue. After 0.5 hr, the gas
evolution was complete and the volume collected corresponded to 0.66 mmol or 91%
of the theoretical yield. The identity of this gas was confirmed to be hydrogen
by mass spectral evidence. Exposure of the dark blue residue to hydrogen gas re-
generated the starting material as demonstrated by identical spectral data. The
dehydrogenation-hydrogenation cycle can be repeated at least three times without
extensive decomposition of the starting complex.

Preparation of 2.2-(PPh3)2-2-H-2-C1-2,],7-RuC289H]], IV

A sample of I (300 mg, 0.395 mmol) was placed in a Schlenk tube equipped
with a magnetic stirring bar and a gas-dispersion tube. Thirty ml of degassed
toluene was added and dry HC1 gas was bubbled into the suspension for 2 hrs.
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The orange-yellow suspension was filtered through Celite and layered with ethanol.

Standing overnight gave yellow crystals of IV (40% yield).

Preparation of 2,2-(PPh3)2-2-C0-2,1,7-RuC

abellyis ¥ E

A sample of I (300 mg, 0.395 mmol) and 30 ml methylene chloride were placed E
in a Schlenk flask equipped with a magnetic stir bar and a reflux condenser.
Carbon monoxide was passed over the rapidly stirred suspension for 24 hrs. The
yellow suspension was filtered through Celite and diluted with an equal volume
of ethanol. Slow concentration on the rotary evaporator gave yellow crystals
of V (45% yield).

Preparation of 3,3-(PPh3)2—3-H-3-C1-3,1,2-RuCZBgH]], VI

VI was prepared from II using the same method for the synthesis of IV. It

was obtained as red-orange crystals in 40% yield.

Preparation of 3,3-(PPh -3-C0-3,1,2-RuC28 H]], VII

3)2 9
VII was prepared from Il using the same method for the preparation of V.

It was obtained as yellow crystals in 45% yield.

5N-3,1,2-RuC289H]0, VIII

One gram (1 mmol) of (PPh3)3RuHC1-¢CH3 and 20 ml THF was placed in a 250 ml

Preparation of 3,3-(PPh3)2-3-H-7-C5H

3-necked flask equipped with a magnetic stirring bar, and an addition funnel
with a medium-porosity frit. One hundred forty mg (3 mmol) 01; Aa NaH/oil suspen-
sion was placed in the addition funnel and 232 mg (1.1 mmol) of 9-C5H5N-7,8-
CZBQH]] in 20 ml of THF was added to the NaH. After 1 hr or when effervescence
had ceased, the red solution was slowly added to the ruthenium complex with vig-
orous stirring. After overnight stirring, the red suspension was filtered, and
the filtrate was evaporated to dryness in vacuum and redissolved in 5 ml of THF.
Addition of 10 ml of ethanol gave red crystals of VIII. The yield was 550 mg
(67% based on Ru).
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Table III

§0;5~MH2 g nmr Data for Ruthenium Carborane Complexes

i ‘Compound - Solvent i  shifts®
I ©2,2-(PPhy),2,20Hy CH,C1, f-}é?gzzi 7.6(3), 13.1(4),
2,1,7-RuC,BH | _ o
11 3,3-(PPh,) - 3,3-H,- e, -13.9(2), -4.6(5), 5.4(2)
3,1,2-RuC,BH, .
111 2,2-(PPh,),,- THE o), oégflzé)s.z(z),
2.‘ :7-RUC289H]] . : -\.“i" ;
Vil 3,3-(PPhg),-3-H- " DL, -5.2(1), 11.1(4), 13.3(2),
T HgN-3.1,2- - 23.4(1], 29.4(1]
RuCZB H

9710

@ Chemical shifts are ppm from BF3-OEt2. The relative areas are in parentheses.
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Figure 1.

Hydride atoms, which were not located, are shown as dotted circles
in calculated positions. Hydrogen atoms on the carborane 1igand
are omitted for clarity (see ref. 10).
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Figure & Proposed structure of 3,3-(PPh

3)2~3=u;7-csﬂsu-3,1,z-Ruc
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